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An integrated approach (remote sensing, geographical information systems
[GIS], and modeling) was applied to conduct a number of hydrologic and
environmental investigations in the Arabian Peninsula (AP) aimed at: (1) identifying
the spatial and temporal climate change–related variations in precipitation over the
AP using readily available, remotely acquired global precipitation datasets; (2)
investigating the nature of the factors controlling the observed climatic variations; (3)
estimating the partitioning of precipitation over the Red Sea Hills watersheds into
runoff , recharge, and initial losses using calibrated continuous rainfall runoff models
(Soil Water Assessment Tool [SWAT]); (4) identifying landslide (largely caused by
excessive precipitation) types, distributions, and controlling factors in the Faifa area,
along the Red Sea Hills; (5) generating susceptibility maps depicting debris flows
within ephemeral valleys (Type I), applying linear relationships between normalized
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susceptibility maps depicting landslides caused by failure along fracture planes
(Type II) (on these maps, a landslide is predicted if fracture planes had strike values
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comparing the predicted and observed debris flows (success rate: 82%).
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CHAPTER 1

INTRODUCTION

The assessment of the freshwater resources at present and in the future in arid
and semiarid countries worldwide is of prime importance to these nations to sustain
their growing populations and to develop their economies. The Kingdom of Saudi
Arabia (KSA) is one of these nations. The country’s population is on the rise
(population in 1960: 4 × 106; 1980: 9.8 × 106; 2010: 27.3 × 106; 2050: 59.5 × 106;
Saudi Arabia Population, 2014) as is its annual consumption of water resources
(2010: 17.9 × 109 m3; 2050: 19.5 × 109 m3; KSA Ministry of Water and Electricity,
2012). Because of their delicate environments, the arid and semiarid areas in this
country are affected the most by climate change (e.g., Folland et al., 2001); thus, it is
important to develop a good understanding of the projected climate change in these
areas and to investigate the impact of these changes on their hydrologic systems and
landscape. For example, climate change could bring about an increase in
precipitation and in runoff, recharge the aquifers, and raise the groundwater levels. In
mountainous areas in the Arabian Peninsula (AP), the increase in precipitation can
promote landslide development.
In this thesis, I apply an integrated approach (remote sensing, geographic
information system [GIS], and modeling) to conduct a number of hydrologic and
environmental investigations in the AP. In Chapter 2, I identify the spatial and
1

temporal climate change–related variations in precipitation over the AP using readily
available remotely acquired global precipitation datasets and investigate the nature of
the factors controlling the observed climatic variations. The main goal of Chapter 3 is
to estimate the partitioning of precipitation into recharge, runoff, and initial losses
over the Red Sea coastal watersheds. In Chapter 4, I examine the distribution and
nature of landslides in the Faifa area, in the southwest AP; investigate the factors
controlling their development; and use this information to construct landslide
susceptibility maps for the Faifa area. Finally, a summary and conclusion is provided
in Chapter 5.

2

CHAPTER 2

ASSESSMENT OF THE CLIMATE VULNERABILITIES OF THE ARABIAN
PENINSULA
2.1 Introduction
The Arabian Peninsula (AP) covers an area extending over 3 million km2
(Fig. 2.1). More than two-thirds of the AP area is identified as desert regions that
have arid to semiarid climates. The rest of the AP is covered by mountain ranges that
extend along the Red Sea as far south as Oman and Yemen.
Climate change is a global phenomenon; the AP, like many places around the
world, is apparently witnessing and is affected by these changes. Climate change
could potentially have adverse effects such as increasing temperatures, droughts, and
floods. In this chapter an attempt is made to investigate the indications of climate
change in the AP, such as a change in the amount and patterns of precipitation, and to
identify the factors that control these variations.

3

Figure 2.1. Location map showing the spatial distribution of the AP, the
distribution of volcano-sedimentary igneous and metamorphic rocks, and overlying
Paleozoic, Mesozoic, and lower Tertiary sedimentary successions in the KSA.

2.2 Site Description
The AP is divided into two vast regions: the Arabian Shield and the Arabian
Shelf (Fig. 2.1). The Arabian Shield, a complex of igneous and metamorphic rocks of
Precambrian age, occupies the western third of the AP. The Arabian Shelf is
4

composed of Paleozoic, Mesozoic, and lower Tertiary strata exposed in central
Arabia, and crops out along a curved belt bordering the Shield (Powers et al., 1966;
Al-Shanti and Mitchell, 1976). The beds dip gently and uniformly away from the
Shield toward the Arabian Gulf and the Rub' al Khali Basin, to the east (Stoeser and
Camp, 1985; Wolfenden et al., 2004; Agar, 1987). In the eastern parts of the AP, the
Precambrian igneous and metamorphic complex and overlying sedimentary
sequences are overlain by an extensive Quaternary cover.
Temperatures in AP are high in summer, and in some places they can reach
more than 50°C. The annual rainfall averages from less than 50 mm to 250 mm but
can reach up to 750 mm in the southwest corner of the AP (Fig. 2.2). The average
annual precipitation shown in Figure 2.2 was derived from Tropical Rainfall
Measuring Mission (TRMM) (version: 3B42.007A) data. TRMM is a joint mission
between the National Space Development Agency (NASDA) of Japan and the
National Aeronautics and Space Administration (NASA) of the United States,
launched in 1997 as part of the Earth Observing System (EOS) (Huffman et al.,
2007). TRMM provides global (50°N–50°S) data on rainfall using microwave and
visible–infrared sensors. Instantaneous rainfall estimates are obtained every 3 hours
with a 0.25° × 0.25° footprint and continuous coverage from 1998 to the present.
TRMM has five instruments aboard. The main instrument is the Precipitation Radar (PR);
this instrument provides three-dimensional maps of storm structure that are used to find
the intensity and the distribution of the rain. The second instrument complementing the
PR is the Microwave Imager (TMI). TMI is able to measure the minute amount of

5

microwave energy that emitted by the Earth’s atmosphere. This information provides the
total liquid and ice content within precipitating systems. The third instrument is the

Visible Infrared Scanner (VIRS). VIRS uses the intensity of the wavelength in the
visible near-infrared and infrared spectrum to indicate the context of the cloud in the
precipitation structures. The Clouds and the Earth's Radiant Energy Sensor (CERES)
is the fourth instrument on the TRMM. CERES is able to measure the energy within the

atmosphere and at the top of the atmosphere, and indicate the clouds’ size, thickness,
and altitude. The last instrument aboard TRMM is the Lightning Imaging Sensor
(LIS), which is able to detect lightning (Kummerow et al., 1998).
Precipitation in the AP is controlled by two main wind regimes: southerly
monsoon winds in the summer (April to September) and northerly to northwesterly
winds, also called Shamal (in Arabic) and hereafter referred to as westerlies, in the
winter (October to March) (Alsharhan et al., 2001) (Fig. 2.3). Figure 2.3 shows that
these two wind regimes cover the entire area of the AP and thus can bring
precipitation to the entire landscape of the AP. Examination of the average annual
precipitation for summer and winter can provide insights into the dominant wind
regime and precipitation period across the AP. Figure 2.4 shows the average annual
precipitation across the AP during the summer season, and Figure 2.5 shows the
average annual precipitation during the winter season for the time period from
January 1998 to December 2010. Inspection of Figures 2.4 and 2.5 indicates that:
(1) the southern and central parts of the Red Sea Hills receive winter and summer
precipitation, and (2) westerlies are the dominant wind regime in the northern and
6

central regions of the AP, and in the southern coastal areas the monsoon wind
regimes are dominant.

Figure 2.2. Average annual precipitation in millimeters, derived from the three-hourly
Tropical Rainfall Measuring Mission (TRMM), version 3B42.v7, over the AP from January
1998 to December 2010.
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Figure 2.3. Satellite image showing the prevailing winter (westerlies) and summer
(monsoonal) wind patterns over the AP (Dewdney, 1988).
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Figure 2.4. Average annual precipitation generated from TRMM-derived summer (April–
September) rainfall data that span the period from January 1998 through December 2010.
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Figure 2.5. Average annual precipitation generated from TRMM-derived winter (October–
March) rainfall data that span the period from January 1998 through December 2010.

2.3 Methodology
As described above, this chapter is focused on (1) identification of the spatial
and temporal climate change–related variations in precipitation over the AP, and
(2) investigating the nature of the factors controlling the observed climatic variations.
10

To address these issues, adequate temporal and spatial meteorological datasets are
required. Unfortunately, existing rain gauges across the AP are unevenly distributed,
and where available, the precipitation records are intermittent.
Fortunately, remote sensing–based precipitation data over the AP has been
available since 1979. The Climate Prediction Centers (CPC) Merged Analysis of
Precipitation (CMAP) data is used to investigate the nature and magnitude of climate
change over the AP. CMAP provides global coverage in 2.5° × 2.5° monthly
precipitation datasets based on gauge data and satellite-derived (infrared and
microwave) precipitation estimates from January 1979 to November 2011 (Arkin et.
al., 2014). The quality of CMAP data over a particular area in the AP is dependent on
the density of the rain gauge stations in this area, the quality (accuracy, continuity) of
data, and the accuracy of the satellite precipitation estimates. Generally, the quality of
CMAP data is optimum in the tropics and decreases toward the polar regions.
The input data used to generate the monthly products are not constant
throughout the period of record. For example, the Special Sensor Microwave Imager
(SSM/I) (passive microwave scattering and emission) data became available in July
of 1987; prior to that, the only microwave-derived estimates were extracted from the
Microwave Sounding Unit (MSU) algorithm (Spencer 1993), which is emissionbased. Thus, precipitation estimates for this period are available only over oceanic
areas. Furthermore, high-temporal-resolution infrared data from geostationary
satellites (recorded every 3 hours) became available in 1986; prior to that, estimates
of precipitation were extracted from the Outgoing Longwave Radiation (OLR) polar
11

orbiting satellite data, by applying the Precipitation Index (OPI) technique (Xie and
Arkin, 1997). The merging technique used to generate CMAP data is a two-step
process. First, random error is reduced by linearly combining the satellite estimates
using the maximum likelihood method. Over global land areas, the random error is
defined for each time period and grid location by comparing the data source with the
rain gauge analysis over the surrounding area. Bias is reduced when the data sources
are blended in the second step, using a blending technique advanced by Reynolds
(1988). The data output from the first step is used to define the shape of the
precipitation field, and the rain gauge data are used to constrain the amplitude.

2.4 Analysis of CMAP Data
As described earlier, two main wind regimes are largely responsible for the
observed precipitation over the AP (Fig. 2.3), the westerlies during the winter and the
monsoons during the summer; the winter season starts in October and ends in March,
and the summer season spans the period from April through September. Inspection of
CMAP data revealed two major spatiotemporal precipitation patterns over the AP.
Throughout the investigated period (1979–2010), and across the AP, there are two
major periods (1979–1995; 1996–2010) during which reversals in patterns of
precipitation occurred. Areas that witnessed an increase in precipitation throughout
the earlier period (January 1979 to December 1995) showed a decrease in
precipitation throughout the following period (January 1996 to December 2010), and
the opposite was true for the remaining areas. Given these observations, trends in the
12

Figure 2.6. Trend (mm/season) generated from CMAP-derived summer (April–
September) rainfall data that span the period from January 1979 through December
1995.

annual and seasonal (winter and summer) CMAP-derived rainfall data were
investigated and quantified.

2.4.1. Rainfall Analysis: January 1979 to December 1995
Examination of the trend image generated from CMAP-derived summer
(April–September) rainfall data that span the period from January 1979 through
13

December 1995 (Fig. 2.6) shows a general increase in rainfall trend over the eastern
coastal areas of Oman and UAE (~7 mm/season), southern and southwestern coastal
areas of Yemen (~8 mm/season), and western coastal areas of KSA (~3 mm/season).
Decreasing rainfall trends were observed over the northeastern parts of KSA
(~–2 mm/season) and southern and southwestern coastal areas of Oman
(~–1.0 mm/season).
Inspection of the trend image generated from CMAP-derived winter
(October–March) rainfall data that span the period from January 1979 through
December 2005 (Fig. 2.7) shows a general increase in rainfall trend over the eastern
coastal areas of UAE (~9 mm/season), Qatar (~5 mm/season), eastern parts of KSA
(~5 mm/season), southern coastal areas of Yemen (~9 mm/season), and western
coastal areas of KSA (~5 mm/season). Decreasing rainfall trends were observed over
the northern and northeastern parts of KSA (up to ~–4 mm/season) and eastern and
southeastern parts of Yemen (~–4 mm/season).
Examination of the trend image generated from CMAP-derived annual rainfall
data that span the period from January 1979 through December 1995 (Fig. 2.8)
reveals an increase in rainfall (~12 mm/yr) over the eastern coastal areas of Oman and
United Arab Emirates (UAE), southwestern coastal areas of Yemen, and western
coastal areas of KSA. Decreasing rainfall trends were observed over the northeastern
parts of KSA (~–5 mm/yr), eastern Yemen (~–5 mm/yr), western and southwestern
parts of Oman (~–5 mm/yr), and the Empty Quarter region (~–4 mm/yr).
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A general similarity of the annual trend to the summer trend image is
observed. One explanation for this observation is that the monsoonal precipitation
during this period is intensified and/or the westerly precipitation is decreased so that
the monsoonal precipitation patterns dominate and make up the bulk of the annual
precipitation.

Figure 2.7. Trend (mm/season) generated from CMAP-derived winter
(October–March) rainfall data that span the period from January 1979
through December 1995.
15

Figure 2.8. Trend (mm/yr) generated from CMAP-derived annual rainfall data
that span the period from January 1979 through December 1995.

2.4.2 Rainfall Analysis: January 1996 to December 2010
Examination of the trend image generated from CMAP-derived summer
(April–September) rainfall data that span the period from January 1996 through
December 2010 (Fig. 2.9) shows a general increase in rainfall trend over the eastern,
northeastern, and central parts of KSA (~1.5 mm/season), eastern coastal areas of
Oman (~1.0 mm/season), eastern parts of Yemen (~1 mm/season), and southern parts
16

of Oman (~1 mm/season). Decreasing rainfall trends were observed over the southern
and southwestern coastal areas of Yemen (~–6 mm/season), and southwestern coastal
areas of KSA (~–5 mm/season).
Inspection of the trend image generated from CMAP-derived winter
(October–March) rainfall data that span the period from January 1996 through
December 2010 (Fig. 2.10) shows a general increase in rainfall trend over the
northern and northwestern parts of KSA (~0.9 mm/season), eastern and southeastern
parts of Yemen (~1 mm/season), and western and southwestern parts of Oman
(~1 mm/season). Decreasing rainfall trends were observed over the eastern coastal
areas of UAE (~–12 mm/season), Qatar (~–10 mm/season), Kuwait
(~–11 mm/season), eastern parts of KSA (~–12 mm/season), southern coastal areas of
Yemen (~–10 mm/season), and western coastal areas of KSA (~–9 mm/season).
Examination of the trend image generated from CMAP-derived annual rainfall
data that span the period from January 1996 through December 2010 (Fig. 2.11)
reveals a general increase in rainfall trend over the northeastern parts of KSA
(~2 mm/yr), eastern Yemen (~3 mm/yr), western and southwestern parts of Oman
(~3–mm/yr), and the Empty Quarter region (~2 mm/yr). Decreasing rainfall trends
were observed over eastern coastal areas of UAE (~–12 mm/yr), southern and
southwestern coastal areas of Yemen (~–13 mm/yr), and western coastal areas of
KSA (~–12 mm/yr).
A general similarity of the annual trend to the winter trend image is observed.
One explanation of this observation is that the westerly precipitation during this
17

period intensified and/or the monsoon precipitation declined so that the westerly
precipitation patterns dominate and make up the bulk of the annual precipitation.

Figure 2.9. Trend (mm/season) generated from CMAP-derived summer (April–September)
rainfall data that span the period from January 1996 through December 2010.
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Figure 2.10. Trend (mm/season) generated from CMAP-derived winter (October–March)
rainfall data that span the period from January 1996 through December 2010.

19

Figure 2.11. Trend (mm/yr) generated from CMAP-derived annual rainfall data that span
the period from January 1996 through December 2010.

2.5 TRMM/CCSM Comparison
The impacts of climate change on the hydrologic systems of the AP could be
predicted using global climate models that provide temporal estimates of climatic
parameters (precipitation, minimum and maximum temperatures, etc.) over the
prediction period. The main climatic parameter that will affect the hydrological
systems is precipitation. I used the most recent model Community Climate System
20

Model (CCSM), version 4.0 (available at
http://www.cesm.ucar.edu/models/ccsm4.0), which was released in April 2010, to
quantify the effects of climate change on the precipitation patterns over the Red Sea
watersheds. The CCSM4.0 model provides, among other information, predictions for
precipitation patterns and amounts from recent times through 2100 with a grid size of
1.1° (~111 km longitude) by 0.9° (~90 km latitude). CCSM4.0 simulates three main
emissions scenarios: high (A2), moderate (A1B), and low (B1). The outputs from the
moderate scenario (A1B) were used in this study.
For each of the examined basins, the CCSM4.0-derived average annual
precipitation during the period from 2010 through 2100 was compared to that
extracted from TRMM data during the period from 1998 to 2010 (Fig. 2.12).
Examination of Figure 2.12 reveals a general increase in precipitation with time in the
northern and central watersheds, and a decline in precipitation in the southern
watersheds. These observations are similar to those extracted from the analysis of
CMAP data over a comparable period (1996–2010) and suggest that the observed
precipitation patterns could continue in the future. Our findings pertaining to the
effect and the magnitude of the climate change on precipitation over the investigated
watersheds could encourage similar, yet more detailed studies, over the Red Sea area
and surroundings.

21

Figure 2.12. Location map showing comparisons between average annual
precipitation derived from CCSM4.0 (period: 2010–2100) and TRMM data
(period: 1998–2010) for the Red Sea Hills’ watersheds.
22

2.6 Results of CMAP Data
Inspection of CMAP data revealed two major spatiotemporal precipitation
patterns over the AP. Throughout the investigated period (1979–2010), and across the
AP, reversals in patterns of precipitation occurred during two major periods (1979–
1995; 1996–2010). Areas that witnessed an increase in precipitation throughout the
earlier period (January 1979 to December 1995) showed a decrease in precipitation
throughout the following period (January 1996 to December 2010), and the opposite
was true for the remaining areas.
The distribution of the areas that witnessed an increase in precipitation and the
timing of the precipitation are consistent with the intensification of the monsoons and
decline of the westerlies during the earlier period (January 1979 to December 1995),
and vice versa during the later period (January 1996 to December 2010). The patterns
and timing of precipitation suggest intensification of the westerlies at the expense of
the monsoons. Examination of the trend images generated from CMAP-derived
seasonal and annual trend rainfall data for the two investigated periods supports this
argument; during the earlier period the annual trend image is similar to the summer
trend image and during the later period it is similar to the winter trend image.
Global warming and/or multiyear variability related to ocean teleconnections
(e.g., El Nino, Indian Ocean Dipole) can influence sea and land surface temperatures,
which in turn affect precipitation rates and patterns (Shin et al., 2010). On land, this
increases evaporation, dries land surfaces, intensifies droughts, and prolongs drought
duration; over oceans, it increases the water-holding capacity of air and intensifies
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storms and precipitation over mountainous source areas that are proximal to the
coastline and lie along the storm trajectory (Trenberth, 2011; Trenberth and Shea,
2005).
Global warming could be causing a rise in sea surface temperature in the Red
Sea and the Mediterranean Sea, enhancing evaporation and intensifying precipitation
from the westerlies wind regimes over the Red Sea coastal areas and northern AP.
Global warming could be also causing shifts in the monsoonal fronts and decreasing
precipitation in the southwest parts of the AP (southwest Saudi Arabia and Yemen).
The projected impacts of global warming can be predicted from the outputs of
climatic models. As described above, for each of the examined basins, the CCSM4.0derived average annual precipitation rates during the period from 2010–2100 were
compared to those extracted from TRMM data during the period from 1998 to 2010
(Fig. 2.12). The comparison revealed (1) a general increase in precipitation with time
in the northern and central watersheds, and (2) a decline in precipitation in the
southern watersheds. These precipitation trends are similar to those extracted from the
analysis of CMAP data over a similar period (1996–2010) and suggest that the Red
Sea Hills watersheds have been experiencing the impacts of global warming as early
as the later period (1996–2010) and are likely to continue in the future.
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CHAPTER 3

ESTIMATION OF RUNOFF AND RECHARGE OVER THE RED SEA COASTAL
WATERSHEDS

3.1 Introduction
In arid and hyper-arid fragile deserts of the world, the hydrologic systems, the
adjoining water bodies, and their ecosystems are affected significantly by climatic
fluctuations. During wet climatic periods, fluvial systems and drainage networks
develop, underlying aquifers recharge, rising groundwater tables discharge in
lowlands and depressions, runoff and sediment load increase, and interactions
between surface runoff and groundwater flow systems intensify. The opposite
happens in dry periods: runoff is reduced, surface drainage patterns dry up and may
be buried under encroaching aeolian deposits, aquifer recharge is reduced and
localized, groundwater tables are lowered, and groundwater discharge decreases in
lowlands.
The impacts of climate change on the AP can be investigated by examining
the impact of these changes on its hydrologic systems. To accomplish this goal, one
must (1) construct and calibrate rainfall runoff models over these watersheds, (2) use
as input recent (over the past decade or decades) and futuristic (from climatic models)
climatic parameters (e.g., temperature, precipitation), and (3) compare the outputs of
these rainfall runoff models under recent and futuristic scenarios. Because coastal
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areas in general (e.g., Red Sea coast) are more vulnerable to climatic change, we will
construct calibrated rainfall runoff models for the watersheds draining the Red Sea
Hills and discharging in its coastal plain. We will then use the calibrated model to
assess the partitioning of precipitation into runoff, recharge, and initial losses over the
Red Sea Hills watersheds throughout the period 1998 to 2010 (recent period). To
evaluate the impacts of climate change on the Red Sea Hills watersheds, these results
should be compared to the model outputs using inputs (climatic parameters) extracted
from climatic models.
Along the eastern and western coastal plains of the Red Sea, extensive
watersheds collect precipitation from the adjoining Red Sea Hills and channel the
collected runoff toward the Red Sea and its coastal plains as surface runoff and/or
groundwater flow. As the runoff reaches the gently dipping coastal plain, it slows
down and deposits its sediment load, in some cases forming deltas where the stream
meets the sea shoreline. The alluvial aquifers flooring the channel networks are fed by
infiltration from the runoff and by groundwater channeled along faults and shear
zones where fractured basement rocks are found (Sultan et al., 2008). The partitioning
of precipitation into recharge, runoff, and initial losses is the main goal of this
chapter.
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3.2 Site Description
The Red Sea is an ocean in the making. It is more than 2,000 km long and
separates the once-contiguous Arabian and Nubian Shields. Its width varies from
180 km in the north to 350 km in the south, before narrowing down to 28 km in the
strait of Bab el Mandeb, where it joins the Indian Ocean (Fig. 2.1). On both the
Arabian and Nubian sides, the Red Sea coastal plains give way to a long chain of
mountains known as the Red Sea Hills.
The Red Sea Hills are composed largely of Neoproterozoic (550–900 Ma)
volcano-sedimentary rock units of the Arabian-Nubian Shield (Sultan et al., 1990;
Stern and Kroner 1993) that crop out along the Red Sea coastline in Egypt, Sudan,
Ethiopia, and the KSA. The opening of the Red Sea during the Oligocene was
associated with extension and uplift; the latter exposed the basement complex that
now crops out along the eastern and western margins of the Red Sea coastline.
In the KSA, the Red Sea Hills comprise two mountain ranges that are
separated from one another in the vicinity of the city of Makkah. The elevation of the
northern range seldom exceeds 2,100 m above mean sea level (a.m.s.l.) and decreases
in the southern regions, reaching some 600 m a.m.s.l. (Fig. 3.1). The rugged mountain
wall drops abruptly in the direction of the Red Sea, and the coastal plain is generally
narrow (width: 2–50 km), especially in the northern sections.
The subject of this chapter is the watersheds that drain the Red Sea Hills in the
KSA and discharge in the coastal plains of the Red Sea and the Gulf of Aqaba. The
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study area is bounded by the Red Sea (west), the drainage topographic divide (east),
the Gulf of Aqaba (north), and the Saudi Arabian/Yemen political boundary (south).
The Red Sea Hills’ watersheds vary in their regional extent. For example, the
Wadi Al-Hemdh watershed in the northern part of the Red Sea Hills is the largest

Figure 3.1. Color-coded digital elevation model (DEM) for the Arabian Peninsula and
the area occupied by the Red Sea coastal basins.
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watershed along the Red Sea Hills (area: ~108,000 km2), with elevations ranging
from 12 to 1,016 m a.m.s.l. (extracted from the digital elevation model [DEM]). The
Wadi Haly watershed is the largest (area: 5,160 km2) watershed in the southern parts
of the Red Sea Hills; it exhibits high elevations (up to 2,699 m a.m.s.l.; extracted
from DEM).
The Red Sea coast of the KSA has a desert climate in general, but is affected
by the moisture from the surrounding water bodies (Red Sea, Gulf of Aden) and by
the high mountains (Red Sea Hills) in the east, which act as orographic cooling
barriers. The average daily temperature is 18°C from November through January, and
40°C in July and August. Generally, vegetation is rare, with only a few trees along
wadis; vegetation becomes more pronounced following precipitation events (Pellaton,
1981). Examination of the average annual (1998–2010) precipitation extracted from
three-hourly TRMM data over the Arabian Shield (Fig. 2.2) shows that precipitation
is largely concentrated over the mountain ranges and/or highlands, especially the
southern parts of the Red Sea Hills, which receive an average annual rainfall of
750 mm/yr. In general, precipitation increases from north to south. Like many other
parts of the AP, two main wind direction systems bring precipitation to the Red Sea
watersheds: the first system is the winter westerlies and northwesterlies, the Shamal,
that prevail over the northern and central parts of the investigated areas; the second is
the summer monsoons that develop over the southern investigated watersheds
(Alsharhan et al. 2001) (Fig. 2.3).
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Most of the population in the Red Sea Hills and watershed area are
concentrated in the main cities and surrounding suburbs and villages. The main
source of freshwater for these cities, and their surrounding villages, is the
groundwater. The rapidly growing population in the Red Sea Hills area requires
assessment of the partitioning of precipitation fall over the Red Sea Hills into
recharge and runoff.

3.3 Methodology

3.3.1 Rainfall Data
The partitioning of rainfall over various watersheds makes use of the
rainfall/runoff models. One of the main inputs to these models is the precipitation
data. In situ measurements from rain gauges represent the most accurate source of
precipitation data. Given the fact that in situ measurements are very sparse,
discontinuous, and/or completely lacking over large sectors of the AP, the use of
satellite-based rainfall data with high temporal and spatial resolution becomes an
inevitable choice. One should not expect a one-to-one correspondence between
satellite-based precipitation and rain gauges, given the differences in spatial
resolution and sampling frequencies. Disagreements among satellite-based
precipitation are also expected due to differences in sensor types, retrieval algorithms
and associated uncertainties, sampling frequencies, and spatial resolutions.
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Several researchers have examined the quality of satellite-based rainfall data.
Examples of these datasets include (1) National Oceanic and Atmospheric
Administration’s (NOAA’s) Climate Prediction Center (CPC) MORPHing technique
(CMORPH; spatial resolution: 8 km; temporal resolution: 30 minutes; spatial domain:
60°N–60°S; temporal domain: December 2002–present; Joyce et al., 2004);
(2) Precipitation Estimation from Remotely Sensed Information using Artificial
Neural Network (PERSIANN; spatial resolution: 0.25°; temporal resolution: 3 hour;
spatial domain: 50°N–50°S; temporal domain: March 2000–present; Hsu et al.,
1997); (3) CPC Merged Analysis of Precipitation (CMAP; spatial resolution: 2.5°;
temporal resolution: monthly; spatial domain: global; temporal domain: January
1979–November 2011; Xie and Arkin, 1997); and (4) Tropical Rainfall Measuring
Mission (TRMM).
CMAP data is one of the better datasets to use, given the fact that it
incorporates the gauges- and satellite-based rainfall measurements and has one of the
longest satellite-based records (1979 to 2011). However, the coarse spatial (2.5° ×
2.5°) and temporal (monthly data) resolution and the fact that it was discontinued in
November 2011 makes it hard to use as rainfall inputs for most of the rainfall/runoff
models that require higher temporal (daily) and spatial resolution data. Comparisons
between satellite-based rainfall data and rain gauges over areas with similar climatic
and hydrogeologic settings in the Eastern Desert and the Sinai Peninsula of Egypt
showed that the TRMM data provides the best spatial and temporal correspondence
with measured rainfall (Milewski et al., 2009, Sultan et al., 2011).
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To investigate the correspondence between TRMM- and CMAP-derived
precipitation data, a comparison was made between these two datasets during the
period from January 1998 (acquisition of TRMM data started in this time) through
December 2010 over four main zones that covered the various climatic settings in the
AP (Fig. 3.2). To check the degree to which these datasets correlate (strength of the
relation), the Pearson Correlation Coefficient (r) was used.
For each zone, both TRMM- and CMAP-derived precipitation data were
averaged on a monthly basis. Figure 3.3 shows temporal comparisons for these
datasets for each of the four selected zones. The northern (northeastern and
northwestern) zones were selected to represent areas that are largely affected by the
westerlies, while the southern (southeastern and southwestern) zones represent areas
that are dominated by monsoonal wind regimes. Strong positive correlation between
the CMAP- and TRMM-derived precipitation was observed for the four zones.
Generally, the northern zones showed higher correlations relative to the southern
ones. The northeastern zone exhibits the strongest correlation (r = 0.96), followed by
the northwestern zone (r = 0.89). For these two zones, both the amplitude and the
phase of the rainfall events matched well. The southwestern zone showed a slightly
higher correlation (r = 0.84) compared to the southeastern zone (r = 0.80). Over the
southwestern zone, the amplitude of the CMAP-derived rainfall is slightly higher than
that of the TRMM-derived rainfall during the period from 1998 to 2005; however,
during the period from 2006 to 2010, the amplitude of the CMAP and TRMM rainfall
are quite similar. Over the southeastern zone, the amplitude of the CMAP-derived
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rainfall is slightly higher than that of the TRMM-derived rainfall throughout the
investigated period. The discrepancies between the CMAP- and TRMM-derived
rainfall might be attributed to several causes. Among other reasons, these include the
difference in the spatial resolution (CMAP: 2.5°; TRMM: 0.25°), sampling
frequencies (CMAP: monthly, TRMM: 3-hourly), sensor types, retrieval algorithms,
and associated uncertainties used. In addition, the CMAP-derived precipitation is
calibrated against rainfall gauge datasets, while TRMM is not. Naturally, the spatial
distribution of the gauges, their accuracy, and their temporal coverage play an
important role in determining the accuracy of CMAP data. It is worth mentioning that
TRMM data were reported to be falsely high along the coastal areas (Chen et al.,
2013); this might explain why we observe a better correspondence between CMAP
and TRMM data in the inland zones compared to the coastal zones.
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Figure 3.2. Location map showing the spatial distribution of the selected four
climatic zones (colored polygons) as well as the locations of both CMAP (green
triangles) and TRMM stations (blue circles) over the AP.
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Figure 3.3. Comparison of TRMM- and CMAP-derived precipitation data
over four climatic zones: (a) northeastern, (b) northwestern,
(c) southeastern, and (d) southwestern zones in the AP. Refer to Fig. 3.2
for the spatial distribution of the climatic zones.
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3.3.2 Soil and Water Assessment Tool (SWAT) Model
The construction and application of rainfall-runoff models on regional scales
are often hindered by the general paucity of detailed field data on such scales. To
minimize uncertainties related to data limitations, we utilized global remote-sensing
data that are readily available for the majority of the world’s continents. Such
applications are ideal for the arid and hyper-arid parts of the world, where remotely
sensed observations are not hindered by atmospheric contributions from clouds and
moisture, as is the case over wetter parts of the world. The adopted methodologies
address the uncertainties that arise from the scarcity of one or more datasets,
including temporal and spatial rainfall depths, stream flow, and field data.
To quantify the partitioning of precipitation over the Red Sea Hills watershed,
a physically based, continuous, semi-distributed Soil and Water Assessment Tool
(SWAT) model was used. The SWAT model was used to calculate the partitioning of
precipitation into overland and channel flow, infiltration, transmission losses, and
evapotranspiration (Arnold and Fohrer, 2005). The SWAT model combines two scale
levels: (1) a fine scale that is represented by the uniform hydrologic response units
(HRUs), and (2) a coarse scale that is represented by the sub-basins; the latter
aggregates HRUs that maximize the representation of lateral variations while
maintaining reasonable computational efficiency. SWAT was selected because it is a
continuous model, allowing rainfall-runoff and groundwater recharge estimates to be
made over extended periods of time; it is also compatible with Geographic
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Information System (GIS) data formats, allowing us to import the existing GIS
databases for the AP into the model database.

Figure 3.4. Location map showing the Red Sea Hills’ watersheds over the Arabian
Peninsula.
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3.3.3 SWAT Model Database
The initial step in the development of the SWAT model was the generation of
a database incorporating digital mosaics from various sources. SWAT required
climate, land use, soil type, and DEM datasets. Digital mosaics were generated and
used as the SWAT model inputs. The generated mosaics were co-registered and reprojected to a common projection type (UTM zones 37, 38 North). These mosaics
covering the Red Sea Hills watersheds (Fig. 3.4) include (1) temporal (daily) rainfall
data extracted from TRMM; (2) a geologic mosaic from available geologic maps
generated and distributed by Saudi Geological Survey (SGS); (3) land use maps
extracted from the U.S. Geological Survey (USGS) 1-km global Land Use and Land
Cover database generated from Advanced Very High Resolution Radiometer
(AVHRR) data; (4) soil type data was generated from the 1 × 1 km Harmonized
World Soil database (HWSD) (FAO/IIASA/ISRIC/ISSCAS/JRC, 2012); (5) DEM
mosaic obtained from Shuttle Radar Topography Mission (SRTM; 90-m spatial
resolution) data; and (6) climatic parameters including solar radiation, wind speed, air
temperature, and relative humidity were obtained from the Climate Forecast System
Reanalysis (CFSR; available at: http://globalweather.tamu.edu). The National Centers
for Environmental Prediction (NCEP) CFSR was completed over the 32-year period
from January 1, 1979, through December 30, 2010. The CFSR was designed and
executed as a global, high-resolution, coupled atmosphere-ocean-land surface-sea ice
system to provide the best estimate of the state of these coupled domains over this
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period. This Website allows us to download daily CFSR data (wind, relative
humidity, and solar) in SWAT file format for a given location and time period.
The Soil Conservation Service (SCS) curve number method (SCS, 1985) was
adopted to calculate upstream initial losses in the sub-basins. Runoff calculations
were enabled by adopting the SCS unit hydrograph (SCS, 1985) and by using the
Riverside County (California) lag-time equations for mountainous, foothill, and
valley areas (Riverside County Flood Control, 1978). Channel routing was conducted
using the Muskingum routing method (McCarthy, 1938), whereby the average
Manning’s coefficients for gravel-bed rivers were calculated using procedures that
were developed by Jarrett (1984). Lane’s method was adopted for estimating
transmission losses (SCS, 1985) in the stream networks draining the Red Sea Hills.
The aerial extents of soil types and various geomorphic features (valleys, mountains,
and foothills) were identified from co-registered Landsat TM, SRTM, and digital
geologic mosaics.

3.3.4 SWAT Model Calibration
Continuous rainfall runoff models were constructed and calibrated for each
of the 19 major watersheds (watershed area: 107,769 to 1,825 km2; total area:
176,683 km2; Fig. 3.4; Table 1) during the period from 1998 through 2010. Several
studies have used the river discharge data to calibrate the SWAT model output
(Milewski et al., 2009; Sultan et al., 2013; Sultan et al., 2011). Given the
unavailability of ideal spatial and temporal coverage of the stream discharge data in
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the investigated Red Sea watersheds, we used the calibration parameters from a
watershed of similar topographic, geologic, hydrologic, and climatic settings.
Physical catchment descriptors such as geography, climate, catchment size,
topography, geology, vegetation, land use, and stream network density were
identified using regionalization techniques to investigate whether catchment-specific
parameters extracted from calibrated catchments could be extrapolated to other
ungauged proximal catchments. Catchment-specific parameters from one of the few
gauged watersheds (Wadi Girafi; Fig. 3.4) in Sinai were extrapolated to similar
watersheds in the Arabian Red Sea Hills.
The Wadi Girafi (area: 5,057 km2) watershed and the majority of the sizable
watersheds (Fig. 3.4; Table 1) that drain the Arabian Red Sea Hills have similar
climatic and topographic settings, areal extent, and soil types. Precipitation over the
selected watersheds is sparse to moderate (annual average precipitation: 25 to
273 mm); precipitation generally occurs (1) during the winter season (October
through March) as a result of southeast winds coming off the Mediterranean coast, or
(2) during the summer season (April to September) as a result of northwest winds off
the Arabian Sea (Alsharhan et al., 2001). The investigated watersheds originate at
high elevations (1,294 to 2,984 m a.m.s.l.) and discharge downstream into the
adjacent water bodies (Red Sea, Gulf of Aqaba). The selected watersheds are medium
sized (area: 1,825 to 107,769 km2) and share the same land use classification
(Southwestern U.S. Arid Range) and soil types (basement, limestone, sandstone, and
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alluvial soil types). These four soil types occupy an area in excess of 90% of the total
area of each of the selected watersheds.

Table 3.1 Nineteen selected major (area > 1,825 km2) Red Sea Hills watersheds.

Slope
Average
(°)

Basin
Length
(m)

Basement

Limestone

Sandstone

Wadi Al-Hemdh
Wadi Yanbu AnNakhl
Wadi Rabigh
Wadi Khulays
Wadi Haly
Wadi Fatimah
Wadi Ifal
Wadi Thalbah
Wadi Masturah
Wadi Damah
Wadi Al-Lith
Wadi Yabah
Wadi Al-Safra
Wadi As Sughu
Wadi Numan
Wadi Qanunah
Wadi Qidayd
Wadi Shiqri
Wadi Halyah

Area
(km2)

Alluvium

Watershed Name

Soils (%)

Maximum
Elevation
(m
a.m.s.l.)

107,769

8.8

600,605

1,016

6

83

8

1

6,569

23.7

117,649

1,662

6

93

0

1

5,241
5,186
5,160
5,086
5,018
4,985
4,755
4,428
3,268
3,012
2,881
2,406
2,404
2,299
2,280
2,111
1,825

7.79
12.3
24.7
14.5
19.9
11.5
16.8
18.3
31.3
22.4
33.1
7.63
20.1
21.4
43.2
27.4
26.1

143,757
131,761
121,483
148,768
124,498
102,348
121,333
106,134
109,488
105,929
100,774
127,824
123,106
111,588
109,393
124,789
95,247

1,359
1,639
2,699
2,063
2,348
1,344
996
1,607
2,428
2,286
2,261
1,292
2,559
2,000
1,619
1,625
2,208

11
9
5
15
12
22
4
11
8
0
10
28
24
4
29
21
14

87
89
94
83
60
65
95
68
90
100
90
61
75
94
69
56
85

0
0
0
0
11
0
0
20
0
0
0
0
0
0
0
13
0

1
1
0
1
15
12
1
1
1
0
0
10
1
1
1
8
0
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The selected watersheds constitute more than 70% of the total area of all
watersheds in the KSA, which originate from the Red Sea hills and drain toward the
Red Sea. The SWAT calibration parameters are listed in Table 2.

3.3.5 SWAT Model Results
SWAT model results for the investigated period (1998–2010), including the
average annual amount of precipitation, stream flow, potential recharge, and initial
losses, are given in Table 3. The average annual stream flow (SF), potential recharge
(PR) and initial losses (IL) were calculated as follows:
SF = Q + LF + RF –TL
PR = PSA + TL – ESA – RF
IL = P – PR – SF
Where:
Q = Surface Runoff,
LF = Lateral Flow,
RF = Return Flow,
TL = Transmission Losses,
PSA = Percolation to Shallow Aquifer,
RSA = Re-evaporation from Shallow Aquifer, and
P = Precipitation.
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Table 3.2 Calibration parameters used in SWAT model (modified from Milewski et
al., 2009).
Parameter
CN (Alluvial)
CN
(Sandstone)
CN
(Limestone)
CN
(Precambrian)
ALPHA_BF

Value
63

Definition
SCS curve number

74

SCS curve number

92

SCS curve number

94

SCS curve number

1.0

CH_K

150

SURLAG

CANMX
SOL_Z
GW_DELAY

15.0
Varies (0.01–
0.50)
Varies (0.5–10)
Varies (0.035–
0.05)
Varies (0.035–
0.05)
0.0
Varies (1–1000)
0.0

Base flow alpha factor (days)
Effective hydraulic conductivity in channel
alluvium (mm/h)
Surface runoff lag coefficient (days)
Available water capacity of the soil layer
(mm/mm soil)
Saturated hydraulic conductivity (mm/h)

GWQMN

2,000

SOL_AWC
SOL_K
CH_N1
CH_N2

Manning's "n" value for the tributary channels
Mannings's "n" value for the main channel
Maximum canopy index
Soil depth (mm)
Groundwater delay time (days)
Threshold depth of water in the shallow aquifer
required for return to occur (mm H2O)
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Table 3.3 Modeled average annual (1998–2010) values of hydrologic variables for the investigated watersheds.

Watershed Name
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Wadi Al-Hemdh
Wadi Rabigh
Wadi Khulays
Wadi Haly
Wadi Fatimah
Wadi Ifal
Wadi Thalbah
Wadi Masturah
Wadi Damah
Wadi Al-Lith
Wadi Yabah
Wadi Al-Safra
Wadi As Sughu
Wadi Numan
Wadi Qanunah
Wadi Qidayd
Wadi Shiqri
Wadi Halyah

Area

Precipitation

Stream Flow

Potential Recharge

Initial Losses

km2

mm

×106 m3

mm

%

mm

%

mm

%

107,769
5,241
5,186
5,160
5,086
5,018
4,985
4,755
4,428
3,268
3,012
2,881
2,406
2,404
2,299
2,280
2,111
1,825

58
106
134
273
153
27
54
85
33
143
258
78
150
254
226
108
25
243.4

6,197
555
696
1,407
777
136
270
405
147
467
776
224
361
611
520
246
53
444

19.1
5.53
8.96
33.8
8.56
0.09
0.6
4.77
0.16
4.24
32.8
3.75
3.29
2.62
44.3
0.2
0.29
6.04

33.1
5.22
6.68
12.2
5.6
0.33
1.11
5.6
0.48
2.97
12.7
4.83
2.19
1.03
19.6
0.19
1.16
2.48

7.19
11.9
10.61
157
10.4
0.13
3.06
7.67
0.6
12.5
149
6.64
8.82
13.3
107
12.6
0.43
16

12.5
11.2
7.91
57.7
6.83
0.48
5.65
9
1.81
8.73
58
8.56
5.88
5.24
47.3
11.7
1.71
6.57

31.3
88.5
115
82
134
27
50.5
72.8
32.4
126
75.4
67.2
137
238
74.9
95
24.4
221

54.37
83.54
85.42
30.07
87.57
99.19
93.25
85.4
97.71
88.3
29.24
86.61
91.93
93.73
33.11
88.09
97.13
90.94
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Inspection of Table 3 reveals a number of observations and findings. The rainfall
(Fig. 3.5) ranges from 6,197 × 106 m3 (Wadi Al-Hemdh) to 53 × 106 m3 (Wadi Shiqri),
the stream flow (Fig. 3.6) ranges from >33% of the rainfall (Wadi Al-Hemdh) to <1% of
the rainfall (Wadi Qidayd), the potential recharge (Fig. 3.7) ranges from 58% of the
rainfall (Wadi Yabah) to <1% of the rainfall (Wadi Ifal), and initial losses (Fig. 3.8)
ranges from >99% of the rainfall (Wadi Ifal) to 29% of the rainfall (Wadi Yabah).
Increasing the proportion of areas occupied by basement and/or increasing precipitation
amounts increases the proportion of stream flow. For example, Wadi Qanunah
(watershed area occupied by basement: 94%) and Yabah (100% basement) receive 226
mm/yr and 258 mm/yr of precipitation, of which 20% and 13%, respectively, are
partitioned as stream flow. In contrast, the watersheds that receive less precipitation and
have a smaller proportion of their area occupied by basement outcrops have smaller
proportions of stream flow. For example, Wadi Shiqri (56% basement) and Wadi Ifal
(60% basement) receive 25.1 mm/yr and 27.2 mm/yr of precipitation, respectively, of
which only 1% or less is partitioned as stream flow. The larger the amount of
precipitation and the runoff, the greater the amount of transmission loss and potential
recharge. For example, the precipitation and stream flow for Wadis Haly, Yabah, and
Qanunah are high (precipitation exceeds 220 mm/yr, runoff exceeds 12%), and so is the
potential recharge (recharge exceeds 40%). The aquifers in the Red Sea watersheds are
mostly recharged by rain. The recharge process can be reduced or impeded because of the
low porosity and permeability in the soil type. This will reduce the potential recharge and
will enhance the surface runoff. In addition, the accumulation of the runoff downhill will
increase the chances for the surface water to recharge the aquifers, even though the

45

evaporation process is high in the area. These facts explain why the watersheds that have
same size and soil type different ability for the potential recharge.

Figure 3.5. Distribution of the average annual precipitation volume in
million cubic meters for Red Sea Hills’ watersheds during the period
from 1998 to 2010.
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Figure 3.6. Distribution of the average annual stream flow as percent of rainfall
in Red Sea Hills’ watersheds during the period from 1998 to 2010.
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Figure 3.7. Distribution of the average annual potential recharge in Red Sea Hills’
watersheds during the period from 1998 to 2010.
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Figure 3.8. Distribution of the average annual initial losses as percent of rainfall
in Red Sea Hills’ watersheds during the period from 1998 to 2010.
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CHAPTER 4

AN ASSESSMENT OF LANDSLIDE SUSCEPTIBILITY IN THE FAIFA AREA,
SAUDI ARABIA, USING REMOTE SENSING AND GIS TECHNIQUES
4.1 Introduction
The Red Sea Hills of the Arabian Peninsula consist of a complex of volcanosedimentary igneous and metamorphic rocks that were formed by the accretion of island
arcs and the closure of interleaving oceanic arcs 550–950 Ma (Stoeser and Camp, 1985).
The uplift associated with the opening of the Red Sea some 30 Ma exposed this complex
along the length of the Red Sea on its African and Arabian sides (Wolfenden et al.,
2004). The basement complex is unconformably overlain by Paleozoic, Mesozoic, and
lower Tertiary sedimentary successions (Fig. 4.1a) (Agar, 1987). The study area, Faifa
Mountain and its surroundings in the Jazan region (latitude: 16.5–17.7°N; longitude:
42.0–43.8°E), is located within the basement complex of the Red Sea Hills to the north of
the Saudi-Yemen border (Alehaideb, 1985; Abou Ouf and El Shater, 1992). In the study
area, highly deformed rocks of variable compositions (granite gneiss, amphibolite,
phyllite, quartzite, schist) are intruded by a massive syenite body, and the area is
dissected by fault systems that run in various directions. Elevations are high, reaching up
to 1,800 m a.m.s.l. at the top of the mountains and as low as 230 m a.m.s.l. at the foot of
the mountains (Fig. 4.2a). Precipitation is high (up to 800 mm/year; Fig. 4.1b) and slopes
are steep (up to 71°; Fig. 4.2b).
The discovery of oil in the KSA signaled the beginning of an important era in
which new urban centers and networks of highways were constructed. Faifa Mountain
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and its surroundings were not exempt from this expansion. These areas witnessed the
construction of highways, roadcuts, and bridges to connect the remote mountainous
terrain to the coastal plain. Given the high levels of precipitation over the Faifa area, the
steep gradient, and the intensified constructional phase, landslides are becoming
problematic. In this paper, I examine the distribution and nature of landslides, investigate
the factors controlling their development, and use this information to construct landslide
susceptibility maps for the Faifa area. My approach is largely based on observations
extracted from remotely acquired datasets and field data.

4.2 Methodology
My approach involves the following steps: (1) examination of known landslide
locations in the field and/or from high-resolution remote sensing datasets, and
characterization of their type; (2) extraction of criteria to enable identification of known
landslide locations using remote-sensing datasets; (3) use of the selected criteria to
identify areas where similar landslide types could occur elsewhere in the study area; and
(4) refinement and validation of predictions. Step 3 entails the generation of susceptibility
maps that show the relative likelihood for the occurrence of each of the identified
landslide types across the investigated area. On these maps, the likelihood of a landslide
occurring is dictated by the intensity of one or more of the factors controlling landslide
occurrence. Examples of these factors include slope angle and direction, fracture plane
dip angle and dip direction, vegetation intensity, and manmade structures (Cruden and
Varnes, 1996).
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Figure 4.1. (a) Location map showing the Faifa area in the Arabian Peninsula, the
distribution of volcano-sedimentary igneous and metamorphic rocks, and overlying
Paleozoic, Mesozoic, and lower Tertiary sedimentary successions in KSA. (b) Total
annual precipitation (January 2011 to December 2011) extracted from TRMM 3-hourly
data for the Arabian Peninsula. (c) Main geologic map showing the rock units in the Faifa
area (modified from Fairer, 1985).
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Figure 4.2. (a) Location map showing the distribution of landslides that were
visited in the field (1–3, 6, 8, 10, 13–18) and a selected suite of similar
landslides that were extracted from remotely acquired data (4, 5, 7, 9, 11, 12);
background DEM image. (b) Map showing the distribution of slopes in the
study area. (c) Color-coded NDVI image generated from SPOT image.
(d) Land use map for the study area showing the distribution of roads,
buildings, and terraces extracted manually from Google Earth images; stream
networks extracted from 10-m DEM; highly vegetated and sparsely vegetated
areas from SPOT images, and the distribution of road networks.
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To conduct steps 1 through 4, I had to produce many derived image products that
display important topographic and spectral characteristics of interest that could be used to
identify existing landslide locations and areas prone to landslide development. Examples
of these characteristics include disruption of contoured elevations, decrease in vegetation,
and high spectral reflectance within areas affected by landslides. Investigating the
intensity of vegetation in an area was possible as a result of examining normalized
difference vegetation index (NDVI) images; these were extracted from spectral
reflectance images, which were in turn derived from raw DN (digital number images) of
SPOT (Système Pour l’Observation de la Terre) multispectral images. Additional
products were generated to evaluate the potential losses in human life and property that
are associated with the identified landslide types. Examples of these additional products
include maps showing the intersections of debris flows with houses and roads. These and
many other products were generated and hosted in a Web-based GIS
(http://www.esrs.wmich.edu/webmap). Constructing the Web-based GIS made it possible
to correlate spatial and temporal co-registered datasets with the development of
conceptual models to identify the conditions for landslide development, predict the areas
in which landslides could occur, and identify locations for fieldwork to examine
predictions and refine the adopted methodologies.

4.2.1 Generation of a Web-Based GIS
The adopted approach entails (1) compilation of relevant datasets, and
(2) development of a Web-based GIS to organize and manage the data sets and provide a
platform for users to access, visualize, and analyze the accumulated data types for the
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study area. The adopted system is a hybrid system that takes advantage of the existing
tools and datasets in Google Maps, applies Python scripts to generate custom tools, and
uses the ArcGIS server to host the services.
Three types of datasets that were collected for the study were also included in the
Web-based GIS (folder name: Faifa): (1) published datasets (geologic maps, remote
sensing data); (2) derived products (e.g., false color images, contour maps); and (3) field
data (e.g., dip direction and dip amount of fracture planes). Susceptibility maps were
extracted from the analysis of the above-mentioned data sets and were also incorporated
in the Web-based GIS. All of the datasets described above are included in seven
subfolders:
(1) The “Topography” subfolder includes (a) a 10-m digital elevation model
(DEM) (Fig. 4.2a) that was extracted from digital topographic contour
maps provided by the Saudi Geological Survey (SGS); (b) a hillshade
map; and (c) a slope map (Fig. 4.2b).
(2) The “Remote Sensing” subfolder includes (a) a visible Google Earth
image acquired in April 2010 (spatial resolution: 0.56 m); (b) a false-color
composite image from GeoEye images (blue: band 1; green: band 2; red:
band 3) (spatial resolution: 0.5 m); (c) Shuttle Imaging Radar band C
(SIR-C) (spatial resolution: 50 m) data; (d) NDVI extracted from SPOT
multispectral images (spatial resolution: 2.5 m), which provides a measure
for the intensity of vegetation (Fig. 4.2c) (the higher the NDVI values for
a picture element, the more extensive the vegetation, and vice versa;
Rouse, 1973); (e) an Advanced Spaceborne Thermal Emission and
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Reflection Radiometer (ASTER) false-color composite (blue: band 1;
green: band 2; red: band 3) (spatial resolution: 15 m); (f) a Landsat
Thematic Mapper (TM) false-color composite ratio image (blue: 5/4;
green: 5/1, red: 5/7) (spatial resolution: 30 m).
(3) The “Geology” subfolder includes (a) a scanned and digitized geologic
map (Fairer, 1985) (scale 1:250,000); (b) the distribution of
faults/fractures extracted from geologic maps (Fairer, 1985), ASTER,
Landsat TM, SIR-C, and DEM; and (c) fracture dip aspect (direction) and
amount, measured along the major roads by SGS geologists.
(4) The “Land Use” subfolder contains digitized buildings, roads, naturally
vegetated areas, bare soils, and terraces extracted from Google Earth and
GeoEye images (Fig. 4.2d).
(5) The “Hydrology” subfolder includes products that were extracted from
digital 10-m DEM: (a) stream distribution (Fig. 4.2d) generated using
standard techniques for stream delineation, such as the TOPAZ technique
(Garbrecht and Martz, 1997); and (b) flow accumulation that provides a
count for the number of pixels that drain toward a certain pixel (Chang,
2006).
(6) The “Field Data” subfolder is comprised of the types and locations of the
landslide sites (Fig. 4.2a) that were visited in the field (January 2010 and
January 2012).
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(7) The “Hazard” subfolder includes various susceptibility maps generated for
each of the two main types of landslides identified in the study area: those
related to debris flows and those related to failure on fracture planes.

4.2.2 Landslide Types in the Study Area
My observations from field trips 1 and 2 (Fig. 4.3) and examination of remotely
acquired datasets led us to identify two major types of landslides: those related to debris
flows (Fig. 4.4a) and those related to failure along fracture planes (Fig. 4.4b). In the
following sections, I discuss the criteria by which I identify each of these landslide types
from field and remotely acquired data and the methodology used to generate
susceptibility maps for each of the identified landslide types.
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Figure 4.3. Location map showing the stops visited throughout field trips 1 and 2.

58

Figure 4.4. Field photographs taken throughout field trips 1 and 2:
(a) landslide caused by debris flows within an ephemeral valley; (b) area
prone to landslide development by failure along fracture planes that dip
toward the road; and (c) intersection of debris flow with road.
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4.2.2.1 Debris Flows within Ephemeral Valleys
Debris flows, which may consist of over 80% solids by weight, often have high
densities and may exceed the density of wet concrete (Hutchinson, 1988). Debris flows
occur during torrential runoff following exceptional rainfalls. Soils on steep slopes that
are not protected by vegetation are prone to debris flows (Cruden and Varnes, 1996).
My observations from field trip 1 and examination of remotely acquired data sets
led us to believe that a number of the visited landslides were caused by debris flows that
originated with abrupt floods of water that undermined and incorporated sediments. This
conclusion is supported by (1) the localization of debris along discrete channels; (2) the
fact that the landslides are all at high elevations (>800 m a.m.s.l.), where the slopes are
quite steep (35° to 38°); and (3) the fact that precipitation over these steep mountains is
high (up to 850 mm/yr) (Fig. 4.1b) and will be channeled toward the lowlands by the
ephemeral valleys (Cruden and Varnes, 1996). Given the steep surface gradient in the
study area and the high precipitation over the mountainous area, one would expect a
heavy sediment load to be carried to the lowlands by the ephemeral streams crosscutting
these mountains.
One would expect that, in general, the steeper a slope is along the identified
streams, the more likely it is for a debris flow to occur. The mean slope in the area is 23°,
with a standard deviation of 13°. The steepest slopes are found on the mountainsides
surrounding the valleys. Areas over these steep-sloped mountainsides are prone to mass
movement (i.e., landslides) initiated by debris flow.
The less the vegetation there is, the more likely it is that a stream will be effective
in transporting debris downslope (Horton, 1933; Scott, 1971; Wells et al., 1987; Weirich,
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1989; Florsheim et al., 1991). Only barren or nearly barren slopes along the identified
stream were considered to be subject to debris flows. The NDVI values (Fig. 4.2c) for the
study area range from –0.18 to +1.0. Areas with NDVI values of –0.1 to 0.09 are usually
assumed to be barren rocks or dry soils (Jackson and Huete, 1991). Areas of high NDVI
(shades of green) are less prone to debris flows, whereas areas of low NDVI values
(shades of brown) are more prone to debris flows. During field trip 2, I visited areas with
NDVI values of 0.09 or less and found that all of these areas were barren or had very
sparse vegetation.

Figure 4.5. NDVI versus slope values for the debris ﬂows that were
veriﬁed in the ﬁeld and/or by examination of Google Earth images. Also
shown is a regression line (black line) that separates points prone to
landslide (below line) from others that are not prone to debris flows
(above line) and susceptibility levels expressed as a function of distance
from the regression line.
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The third condition has to do with the presence or absence of terraces. In some of
the steep-sloped areas, the locals modify the slopes by building more stable structures
called terraces. These terraces are concentrated at high elevations in the Faifa area. They
enhance infiltration and reduce runoff (Naderman et al., 1990). Debris flows are less
likely to occur in areas where terraces are established. Based on my field observations
and analysis of Google Earth images, I reached the conclusion that areas covered by
terraces are stable areas that are not prone to debris flows. Figure 4.2d shows the
distribution of terraces in the study area.
I extracted a relationship for the study area that adequately describes the interplay
between the intensity of vegetation and the steepness of the slope. Using known locations
of debris flows (from field and satellite observations), I extracted the slopes and NDVI
values for picture elements (pixels) that I identified as representing the onset points for
each of these debris flows. Areas susceptible to the development of debris flow had to
meet a number of conditions: low NDVI, high slope angle, and presence along mapped
stream lines and away from areas mapped as terraces. In defining the stream lines, a
threshold contributing area of 25 pixels (area: 2,500 m2) was required. The extracted
slopes ranged from 30° to 42° and averaged 35°, whereas the NDVI values ranged from
–0.04 to 0.24 and averaged 0.07. A linear regression was then used to identify the
equation of a straight line that best fit the points with the steepest slope and the smallest
NDVI values (Fig. 4.5). Knowing the equation of the straight line, I then substituted
NDVI and slope values for all pixels of all streams in the equation to test whether the
examined stream pixel is on the line (value = 0), above the line (value: negative), or
below the line (value: positive). A susceptibility map was then constructed from pixels
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that were found on or below the line; the selected points had slope values that exceeded a
threshold value of 30°, the minimum observed slope angle for debris flows visited in the
field (Fig. 4.6). Figures 4.5 and 4.6 reflect differences in susceptibility levels as a
function of the distance from the regression line within areas identified on Figure 4.5 as
being prone to debris flow. Inspection of Figure 4.5 shows that as slope values increase
and/or NDVI values decrease, points become progressively separated from the regression
line and more susceptible to debris flow. The constructed susceptibility map represents
the locations along mapped stream lines that are susceptible to the development of debris
flow. Points that fell above the line were considered to be unsusceptible to debris flow.
An additional condition was enforced: the points that were found to be susceptible to
debris flow had to be outside the areas mapped as terraces.
Using the criteria listed above, a susceptibility map was constructed showing the
distribution of areas (1,405 locations) that are prone to debris flows (hereafter referred to
as predicted debris flows) (Fig. 4.6a). Examination of Figs. 4.6b and 4.6c demonstrates
the correspondence between the observed and predicted debris flows. Comparisons
between the distribution of a subset of the predicted flows (500 debris flows extracted
using a random number generator) and the debris flows observed in the field and from
Google Earth images shows a success rate of 82%, where the predicted flows exceed the
observed flows. These additional locations probably mark potential areas where debris
flows could be triggered in the future. Similar comparisons between the distributions of a
subset of random areas identified as being non-prone to debris flow and the observed
debris flows in the field and from Google Earth images yielded a success rate of 99.2%.
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Figure 4.6. (a) Susceptibility map showing the susceptibility level for areas modeled
as being prone to debris ﬂow. (b) Enlargement of the boxed area in (a). (c) Same as
(b), but with the modeled debris ﬂow omitted.

Debris flows could pose a risk to human life and property if these flows intersect
roads and houses, and if there were no or inadequate retaining walls in place. In both
cases, I can test for the first condition using remote sensing data, but I cannot test for the
second condition. Figure 4.7 shows 669 intersections with roads and 76 with houses; in
these locations, slope failure could cause losses of human life and property. A field shot
of one of these debris flows that intersects a road is shown in Fig. 4.4c. In the absence of
high-spatial-resolution DEM data, a number of these identified intersections turned out to
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be false alarms. For example, I found during field trip 2 that a number of the identified
houses at intersections with debris streams were on higher ground than the streams that
presumably intersect them. These types of false alarms were more pronounced for houses
on high-ground elevations. Unfortunately, these observations cannot easily be extracted
from available remote sensing data. My field inspections during field trip 2 showed that
all spaceborne debris flow/road intersections are valid, and approximately 60% of the
debris/house intersections are true.
During field trips 1 and 2, my field observations for landslides (landslides 1–7,
11, 13, 14, 16, 18; Fig. 4.2a) and inspection of the distribution of these landslides on
Google Earth images showed that they are spatially correlated with the distribution of
roads, specifically asphalt roads, suggesting a causal effect. Many of them seem to
originate from, or are enhanced by, the construction of roads. The debris flows are readily
identified in Google Earth images. The flows have distinctly more rocks (bright tones)
and less vegetation (dark tones), and thus they appear as bright areas compared to their
surroundings (Fig. 4.6c). The following features support the suggestion that the debris
flows are apparently enhanced by the construction of roads: (1) the majority of these
flows originate downslope from roads; (2) debris flows often start as overland flows
downslope from roads but quickly become organized in one or more streams away from
the road; and (3) debris flows are more pronounced at higher elevations, at bends in
roads, and along asphalt roads.
These observations and others across the entire Faifa area allowed us to develop a
conceptual model for debris flow development. In this model, precipitation over the
mountains is channeled toward asphalt roads by streams that intersect the roads or by
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overland flow over the mountainsides. Upon reaching the roads, the flows (either in
streams or over the mountainsides) are often redirected to follow the gradient of the road
instead of the gradient of the landscape. Once the road changes its orientation (e.g., at a
bend), the flow on the road surface is redirected; at this time, the flow reverts to
following the gradient of the landscape. The process is repeated as the flows intersect
other roads downstream on their journey to the lowlands. Because asphalt roads—and to
a lesser extent, unpaved roads (highly compacted material)—are impervious layers, they
have the effect of impeding infiltration and enhancing runoff.
Landslides, when they do occur, modify the landscape. In a simple model, mass
movement associated with a landslide will move mass downhill, deposit the transported
mass downhill, and disrupt the general slope in the area. On a contour map, these features
could give rise to (1) gentle slopes as indicated by widely spaced, wiggly contours
representing the chaotic surfaces formed by accumulated debris piling up downslope;
and (2) steeper slopes represented by horseshoe-shaped, closely spaced contours uphill
(Casals, 1986; Keaton and DeGraff, 1996). In Figure 4.8, I outline a number of locations
of possible historical landslides that display the relationships described above. In many of
these locations, terraces were established. One interesting hypothesis worth investigating
is that the locals targeted the areas of “mass deposition” within the ancient landslides to
construct their terraces.
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Figure 4.7. Map showing intersections of debris flows with roads and buildings.
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Figure 4.8. Contoured elevation map showing locations of possible historical
landslides; these areas appear as domains of gentle slope surrounded by areas
with steep slopes.
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4.2.2.2 Landslides Caused by Failure Along Fracture Planes
Many landslides result from failure along preexisting fracture planes (Lowell,
1990). Dip amount and dip direction are angular parameters that define the orientation of
a discontinuity. The inclination of a plane below the horizontal is its dip angle (range: 0°
to 90°), and its azimuth is its dip direction (range: 0° to 360°). The slope amount and
slope direction are in reference to dip of the mountain face and the horizontal direction in
which a mountain slope faces. When the slope amount is steeper than the dip of the
discontinuity, the discontinuity surfaces are exposed on the face and sliding may occur
(Norrish and Wyllie, 1996; Wyllie and Norrish, 1996). According to Norrish and Wyllie
(1996), there are four necessary structural conditions for planar failure to occur. First, the
strike of the planer discontinuity must be within 20° of the strike of the slope face.
Second, the dip of the planar discontinuity must be less than the dip of the slope face and
oriented in the same general direction. This condition does not apply to roads in the
mountainous areas, where the road cut is usually a vertical wall. Third, the dip of the
planer discontinuity must be greater than the angle of the friction of the surface. The ideal
friction angle of the rock material is partially controlled by the size and shape of the
exposed grains on the fracture surface and by the mass of the block above the planer
discontinuity. Fine-grained rocks and rocks with high mica content tend to have a low
friction angle, whereas coarse-grained rocks have a high friction angle (Norrish and
Wyllie, 1996). For example, granite has a high friction angle that ranges from 34° to 40°
(Barton, 1973; Barton, 1974; Jaeger and Cook, 1976; Wylie, 1992; Wyllie and Norrish,
1996). Finally, the lateral extent of the potential failure mass must be defined either by
lateral release surfaces that do not contribute to the stability of the mass or by the
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presence of a convex slope shape that is intersected by the planar discontinuity (Norrish
and Wyllie, 1996).
In this section, I use data collected along the major roads, my knowledge about
the geology of the area, observations extracted from remotely acquired data, and GIS
technologies to determine locations that are prone to movement along fracture planes.
An intensive exercise was conducted along the major roads in Faifa to identify
areas prone to mass movement along fracture planes. Ideally, one could extrapolate these
measurements across the entire field area. Unfortunately, the measurements are limited in
their areal distribution, making the application of simple extrapolation techniques an
unreliable exercise. I made two main observations from the field (fracture plane dip
direction and dip angle) and satellite-based measurements (ASTER, DEM, SIR-C) that
led us to believe that my limited field measurements could be used to infer the dip angle
and the direction of the fracture planes across large sections of the entire study area.
The first observation is that many of the slopes in the study area are apparently
controlled by dominant fracture planes. This hypothesis was based on field observations
made during my two field trips and on comparison of the slope direction of a particular
pixel with the measured dip direction of the fracture planes measured in the examined
pixel. Slopes controlled by fracture planes will dip in approximately the same direction.
Thus, by identifying a particular slope direction that is consistently controlled by fracture
planes dipping in the same direction, one can infer the presence of such fracture planes
whenever that particular slope direction is encountered in the field area. For each slope
direction angle (1° to 360°), I reported the number of locations where measurements were
made, the dip direction, and the dip angle for all fracture planes with a dip direction
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similar (±20°) to that of the slope in the examined pixel. As described earlier, the fracture
plane dip angle and direction measurements were collected along transects covering the
main roads in Faifa. For each transect, the major fracture plane directions were first
identified; these ranged from one to five major fracture plane directions. For each of the
identified major fracture plane directions, representative measurements were acquired,
averaged, and reported.
For each transect, I compared the directions of the representative fracture planes
with the slope direction. Two hundred and forty-three slope directions were identified
along the examined transects, only 106 of which were found to have 1 or more fracture
planes dipping in a similar (±20°) direction. A 50% success indicates that in half of the
examined locations, I found fracture planes with dip directions similar to those of the
investigated slope. The identified slopes were considered for extrapolation purposes only
if consecutive (three or more) slope directions satisfied the above-mentioned condition. I
set this condition because a prominent slope direction is rarely represented by a single
and unique value and is more likely to be represented by a range of consecutive slope
direction numbers. This statement applies to slope angle, fracture plane dip direction, and
fracture plane dip angle. One or more factors could contribute to this, including
(1) random variations in dip and slope directions and amounts, (2) human errors in
collecting field measurements, and (3) averaging of measurements across the width and
length of investigated pixels. The identified consecutive slopes were lumped in groups,
where a group is represented by a range of slopes; these typically consisted of three to
five consecutive numbers but could reach up to 23 slope numbers in some cases (see
Table B.1 , Appendix B). The slope groups were then subdivided into subgroups on the

71

basis of the dip angles of fracture planes. Typically, a group is subdivided into one to
three subgroups. Average dip angles and directions were then obtained for each
subgroup. Finally, I assigned fracture set information (average fracture plane directions
and dip angles) to pixels with similar slope directions.

Figure 4.9. Distribution of the major zones of weakness (faults, fractures),
sub-parallel and proximal fracture planes, and locations where field
measurements (fracture plane orientations) were collected.
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The second observation is that the overwhelming majority of the valleys in the
study area were found to be structurally controlled. This finding was based on
examination of ASTER VNIR, SIR-C, and DEM images that indicated that the majority
of the valleys followed linear features, the orientation of which were found to be in four
main directions: north–south, east–west, northwest–southeast, and northeast–southwest. I
mapped the distribution of these zones using satellite imagery, DEM, and stream
networks (Fig. 4.9). I also mapped 572 major weakness zones in the study area. Many of
the field measurements for fracture planes within the fractured/faulted zones indicated
that the strike of the fracture planes was that of the fault or fracture zone. This
observation allowed us to predict the presence of fracture planes within, and along the
length of, the fractured/faulted zones that have the dip angle(s) and direction(s) of the
fracture plane(s) measured within this zone. My field- and satellite-based observations
indicated that the longer the fracture zone is, the greater its width is; the zones varied in
length from 93 m to 2300 m and in width from 20 m to 150 m.
Using the observations and methodologies described above, I was able to use the
limited field observations in hand, pertaining to the fracture plane orientation, to infer the
fracture plane orientations across large sectors of the Faifa area and surroundings. I
generated a map that displays fracture plane dip angle(s) and direction(s) across the entire
Faifa area. The accuracy of my predictions was assessed by repeating the extrapolation
steps described above using a subset (433 records) of the available data points
(559 records). The accuracy of the extrapolation technique was then assessed by
comparing the predicted dip directions and amounts to those of the excluded 126 records.
A prediction was considered to be successful if the predicted dip angle and direction were
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similar (within 20°) to those of a proximal (<10 m) record. Predicted values for 75 of the
126 field measurement were found to be successful (success rate: ~60%).

Figure 4.10. Susceptibility map showing the distribution of picture elements
along (blue and yellow symbols), and away from (red and green symbols) roads
that are susceptible to failure by motion on fracture planes. Information
pertaining to the extrapolation technique that was applied to assign fracture set
information to pixels is also provided in the figure; green and blue symbols refer
to extrapolation related to the first observation, and the red and yellow symbols
are related to the second observation.
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The next step involved using the generated fracture plane map to extract a
susceptibility map that shows the pixels that are prone to mass movement along the
identified fracture planes (Fig. 4.10). To generate this susceptibility map I utilized
(1) fracture amount and direction maps, (2) slope angle and direction maps, and (3) road
distribution and orientation maps. A pixel is considered to be susceptible to failure along
a planar discontinuity if the following conditions are met: (1) the strike of the planar
discontinuity is within 20° of the strike of the slope face; (2) the dip of the planar
discontinuity is less than the dip of the slope face; and (3) the dip of the planar
discontinuity is greater than the angle of the friction of the surface (40°). The selected
angle of friction is based on laboratory testing of the shear strength of planar surfaces
(mean: 39.6° for 29 measurements) within the study area. The measured mean value
(39.6°) is consistent with reported shear strength values for granites (80% of outcrops in
study area) collected from shear zones elsewhere (Barton, 1973; Jaeger and Cook, 1976).
The last condition is waived along roads, because the road cuts in this steep mountainous
area are nearly vertical. This distinction is reflected in Figure 4.10, which displays two
groups of areas that are susceptible to failure along planar discontinuities, areas located
along roads (blue and yellow symbols), and other areas distant from the roads (red and
green symbols).

4.3 Results
I adopted an integrated (field and remote sensing) approach to accomplish the
following in my test site, the Faifa mountain and surroundings in the Jazan area, Red Sea
Hills, Saudi Arabia: (1) identify the types and landslides and map their distribution,
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(2) identify the factors controlling landslide distribution, and (3) generate susceptibility
maps outlining areas that are prone to the development of landslides. To compensate for
the paucity of field data and the inaccessibility of the examined area, I adopted an
approach that relies heavily on observations extracted from readily available remote
sensing datasets and on the applications of GIS-based technologies to enable (1) spatial
analyses of all relevant datasets (published datasets, derived products, and field data); and
(2) extrapolation of the limited field observations that were acquired along the main roads
across the entire field area.
Debris flows within ephemeral valleys occur on steep slopes along channel
networks, in areas that are less vegetated than their surroundings; on contoured elevation
maps (contour interval: 10 m), such areas show evidence of disruption of contours. The
products (slope, channel network, and contoured elevations maps) that were used to
extract the debris flow distribution in the study area were all derived from DEMs
(contour interval: 10 m). Investigating the intensity of vegetation in an area was made
possible by examining NDVI images that were extracted from SPOT multispectral
images. Coverages depicting the distribution of roads and houses were used to evaluate
whether an extracted debris flow distribution poses risks to the human population and
properties.
Two main types of landslides were identified: the first is caused by debris flows
within ephemeral valleys (Type I), and the second by failure along fracture planes
(Type II). For the first type (Type I), steps 1 through 3 (listed above) were implemented
by extracting NDVI and slope values over known locations of debris flows and using this
data to define linear relationships that allow the identification of areas prone to
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developing debris flows elsewhere in the study area. In constructing debris flow
susceptibility maps, additional constraints were specified: (1) minimum slopes of 30° for
flows within ephemeral valleys; and (2) absence of terraces, structures that enhance
infiltration and reduce runoff, making it less likely for debris flow to occur.
Comparisons between the distribution of predicted and observed debris flows
show a success rate of 82% in case of the ephemeral valleys; the unverified debris flows
are interpreted here as potential locations where debris flows could be triggered in the
future. The debris flows pose a risk to human life and property; approximately
670 intersections with roads and 75 intersections with houses were mapped. All spaceborne debris flow/road intersections were found to be valid, but only 60% of the
debris/house intersections were validated in the field.
For the second type of landslide (Type II), I took advantage of two main
observations that allowed us to infer the dip angle and direction of the fracture planes
across large sections of the entire study using a limited set of field measurements. These
observations showed that (1) many of the slopes in the study area are apparently
controlled by dominant fracture planes, and (2) many of the field measurements for
fracture planes within the fractured/faulted zones indicated that the strike of the fracture
plane was similar to that of the fault or fracture zone. The measured and inferred fracture
plane orientations were then used to generate a susceptibility map showing pixels that are
prone to mass movement along fracture planes. The fracture planes for these pixels have
strike values that are within 20° of the strike of the slope face and have dip angles that
exceed the angle of the friction but are less than the slope angles. The last condition is
waived along roads, given that the road cuts are nearly vertical. I found 18,181 picture
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elements that satisfy these conditions. Because comparisons between the distribution of
predicted and observed fracture plane orientations showed a success rate of 60%, I
suggest that the reliability of the generated susceptibility map is 60% at best. The adopted
methodology is best suited for the detection of areas prone to planar sliding, but not for
topples and wedge sliding. For example, one of the adopted criteria for the detection of
areas prone to failure along a fracture plane is the requirement that the dip direction is
similar (±20°) to that of the slope. This is not necessarily required for topples and wedge
sliding.
As is the case in the Faifa area, many landslide occurrences worldwide are
reported from remote areas that are distant from urban centers and lack adequate
infrastructure and road networks; many of these are in areas of high relief and steep
slopes, which makes them largely inaccessible. Under these conditions, monitoring
landslide activities using traditional methodologies becomes a difficult and expensive
exercise. The methodologies adopted in this study rely heavily on readily available global
remote sensing datasets and utilize straightforward GIS technologies for spatial analysis
of these datasets; therefore, they can offer reliable and cost-effective alternatives. A word
of caution: the adopted approach should not be considered a substitute for traditional
field-intensive methodologies and measurements, but should be only considered for
inaccessible areas where obtaining detailed field measurements is difficult and/or cost
prohibitive.
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CHAPTER 5

SUMMARY AND CONCLUSION

A number of hydrologic and environmental investigations over the AP were
applied using an integrated approach (remote sensing, GIS, and modeling) to
(1) investigate spatial and temporal climate change–related variations in precipitation
over the AP; (2) estimate the partitioning of precipitation over the Red Sea Hills
watersheds into runoff , recharge, and initial losses; and (3) identify landslide types,
distribution, and controlling factors in the Faifa area, along the Red Sea Hills.

5.1 Spatial and Temporal Climate Change-Related Variations in Precipitation
Examination of the CMAP data for the investigated period (1979–2010) revealed
that reversals in precipitation patterns occurred during two main periods (1979–1995;
1996–2010). The areas that witnessed an increase in precipitation during the earlier
period (January 1979 to December 1995) showed a decrease in precipitation throughout
the following period (January 1996 to December 2010), and the opposite was true for the
remaining areas. The distribution of the areas that witnessed an increase in precipitation
and the timing of precipitation are consistent with the intensification of the monsoons and
decline of the westerlies during this period. The opposite occurred during the later period
(January 1996 to December 2010), during which the patterns and timing of precipitation
suggest intensification of the westerlies at the expense of the monsoons.

79

Examination of the trend images generated from CMAP-derived seasonal and
annual rainfall data for the two investigated periods supports this argument; during the
earlier period the annual trend image is similar to the summer trend image, and during the
later period it is similar to the winter trend image. One explanation for these observations
is that global warming could be causing a rise in sea surface temperature of the
Mediterranean Sea and the Red Sea (sources of the moisture carried by the westerly wind
regimes), enhancing evaporation and intensifying precipitation from the westerlies, as
well as precipitation over the Red Sea coastal areas and northern AP. Global warming
could also cause shifts in the monsoonal fronts and decrease precipitation in the
southwest parts of the AP (southwest Saudi Arabia and Yemen).
The projected impacts of global warming on the precipitation over the Red Sea
watersheds were examined (using outputs of climatic models) and compared to measured
precipitation (from CMPA and TRMM). For each of the examined basins, the CCSM4.0derived average annual precipitation during the period from 2010 to 2100 was compared
to that extracted from TRMM data during the period from 1998 to 2010. These
comparisons revealed a general increase in precipitation with time in the northern and
central watersheds, and a decline in precipitation in the southern watersheds. These
precipitation trends are similar to those extracted from the analysis of CMAP data over
the period (1996–2010) and suggest that the Red Sea Hills watersheds began
experiencing the impacts of global warming as early as the later period (1996–2010) and
are likely to continue experiencing them in the future.
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5.2 Partitioning of Precipitation over the Red Sea Hills Watersheds
The partitioning of precipitation over the Red Sea Hills watersheds was estimated
using SWAT modeling. Modeling results revealed the following: (1) rainfall ranges from
6197 × 106 m3 (Wadi Al-Hemdh) to 53 × 106 m3 (Wadi Shiqri); (2) stream flow ranges
from >33% of the rainfall (Wadi Al-Hemdh) to <1% of the rainfall (Wadi Qidayd);
(3) the potential recharge ranges from 58% of the rainfall (Wadi Yabah) to <1% of the
rainfall (Wadi Ifal); and (4) initial losses range from >99% of the rainfall (Wadi Ifal) to
29% of the rainfall (Wadi Yabah).
Increasing the proportion of areas occupied by basement and/or increasing
precipitation amounts increases the proportion of stream flow. For example, Wadi
Qanunah (watershed area occupied by basement: 94%) and Yabah (100% basement)
receive 226 mm/yr and 258 mm/yr of precipitation, of which 20% and 13%, respectively,
is partitioned as stream flow. In contrast, the watersheds that receive less precipitation
and have a smaller proportion of their area occupied by basement outcrops have smaller
proportions of stream flow. For example, Wadi Shiqri (56% basement) and Wadi Ifal
(60% basement) receive 25.1 mm/yr and 27.2 mm/yr of precipitation, respectively, of
which only 1% or less is partitioned as stream flow.
The larger the amount of precipitation and the runoff is, the greater the amount of
transmission loss and potential recharge is. For example, the precipitation and stream
flow for Wadis Haly, Yabah, and Qanunah are high (precipitation exceeds 220 mm/yr,
runoff exceeds 12%), and so is the potential recharge (recharge exceeds 40%).
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5.3 Landslide Types, Distribution, and Controlling Factors in the Faifa Area
Two main types of landslides were identified: the first is caused by debris flows
within ephemeral valleys (Type I), and the second by failure along fracture planes
(Type II). The first type (Type I) was identified by: (1) extracting NDVI and slope values
over known locations of debris flows, and (2) using this data to define linear relationships
that allow the identification of areas prone to developing debris flows elsewhere in the
study area. In constructing debris flow susceptibility maps, additional constraints were
specified: (1) minimum slopes of 30° for flows within ephemeral valleys; and (2) absence
of terraces.
Comparisons between the distribution of predicted and observed debris flows
show a success rate of 82% in case of the ephemeral valleys; the unverified debris flows
are interpreted here as potential locations where debris flows could be triggered in the
future. The debris flows pose a risk to human life and property; approximately
670 intersections with roads and 75 intersections with houses were mapped. All spaceborne debris flow/road intersections were found to be valid, but only 60% of the
debris/house intersections were validated in the field.
The second type of landslide (Type II) was identified by finding the fracture
planes for pixels that have strike values that are within 20° of the strike of the slope face
and have dip angles that exceed the angle of the friction but are less than the slope angles.
18,181 picture elements satisfied these conditions. Because comparisons between the
distribution of predicted and observed fracture plane orientations showed a success rate
of 60%, I suggest that the reliability of the generated susceptibility map is 60% at best.
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APPENDIX A

Examples for the Debris Flows in the Faifa Area
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Figure A.1 Web-based geographical information system (GIS) map of Saudi Arabia
and the study area showing category folders: Geology, Geophysics, Hydrology,
Remote Sensing, Topography. The screenshot is a Google Earth image over sections
of Faifa Mountain.
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Figure A.2 A satellite image showing ephemeral streams that
intersect a road.
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Figure A.3 Example 1 of a debris flow enhanced by the construction of roads.
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Figure A.4 Example 2 of a debris flow that is enhanced by the construction of roads.
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Figure A.5 Example 3 of a debris flow enhanced by the construction of roads.

95

Figure A.6 Example 4 of a debris flow enhanced by the construction of roads.
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Figure A.7 Example 5 of a debris flow enhanced by the construction of roads.
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Figure A.8 Example 6 of a debris flow enhanced by the construction of roads.
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Figure A.9 Example 7 of a debris flow enhanced by the construction of roads.
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Figure A.10 Example 8 of a debris flow enhanced by the construction of roads.
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Figure A.11 Example 9 of a debris flow enhanced by the construction of roads.
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Figure A.12 Example 10 of a debris flow enhanced by the construction of roads.

102

Figure A.13 Example 11 of a debris flow enhanced by the construction of roads.
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Figure A.14 Example 12 of a debris flow enhanced by the construction of roads.
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APPENDIX B

Field Information used to Construct Landslide Susceptibility Map
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Table B.1 Identification of slope dip directions that are controlled by fracture planes dipping in the same direction.
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325
307
330
318
313
323
333
332
333
353
348
257
347
348

11
7
8
9
9
3
4
3
5
3
8
6
3
6
3
6
6
13
3
23
9
3
7
10
3
11
16

4
2
2
3
2
1
1
1
1
1
2
2
1
2
1
2
2
4
1
7
2
1
2
3
1
3
5

75.0
100.0
100.0
66.7
100.0
100.0
100.0
100.0
100.0
100.0
50.0
100.0
100.0
100.0
100.0
50.0
100.0
50.0
100.0
57.1
50.0
100.0
50.0
66.7
100.0
66.7
60.0

18

1

251

65

253

19

1

265

53

269

20

2

21

1

276
277.0
287

69
15
46

279
288
307

22

3

315.3
318
320.0
328

49
78
10
38

315
318
313
323

23

3
328
331.0
338
345.0
346.0
348.0

47
81
53
72
75
26

333
333
353
348
257
347

24

1

25

3

356.0
358.0
360.0

28
30
58

349
355
13

8
7
9

2
2
3

100.0
100.0
66.7

26

2

356
360.0

29
58

351
373

Column 1: Slope direction that was found to have one or more fracture planes dipping in a similar (±20°) direction.
Column 2: Dip angle for the fracture plane dipping in a direction similar to that of the slope.
Column 3: Dip direction for the fracture plane dipping in a direction similar to that of the slope.
Column 4: Total number of fracture planes that were measured at locations where one or more of the measured fracture planes dip in a
direction similar to that of the slope.
Column 5: The number of locations where the fracture planes referred to in column 4 were measured.

110

Column 6: The percentage of measured fracture planes that have dip directions similar to that of the slope direction.
Column 7: Group number, where each group refers to consecutive (three or more) slope directions that satisfied the condition of
having one or more fracture planes dipping in a similar direction.
Column 8: Number of subgroups within each of the identified groups, where each subgroup includes fracture planes with similar dip
directions.
Column 9: The average slope direction for each of the identified subgroups.
Column 10: The average fracture dip angle for each of the identified subgroups.
Column 11: The average fracture dip direction for each of the identified subgroups.

